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Abstract
We present a new technique to enhance the sensitivity of double-exposure strobo-
scopic TV-holography (TVH) in order to detect and measure vibrations of small
amplitude. It is based in the modulation of the phase of the reference beam in syn-
chronism with the vibration of the measurand and derives from a former technique
that we originally contrived for phase evaluation. We propose two variants, charac-
terized by the demodulation process used to generate the secondary correlograms,
with different behaviors in terms of the sensitivity to the sign of the measurand and
of the ease to detect the presence and shape of the vibration. We have implemented
this new technique in an electronic speckle-pattern interferometer (ESPI) and com-
pared its performance with standard TVH techniques; vibrations with amplitudes as
small as 8 nm have been observed with this set-up.
OCIS codes: 120.0120 Instrumentation, measurement, and metrology. 120.6160
Speckle interferometry. 120.7280 Vibration analysis.
1
1. Introduction
The fringe patterns obtained in TV-holography (TVH) from vibrating measurands by tem-
poral treatment techniques of additive nature, such as time-averaging and double-exposure
stroboscopic or pulsed illumination, show very low sensitivity to small phase changes. Their
profiles follow, respectively, a zero-order Bessel function of the first kind and a cosine func-
tion, both having the smallest slope as the phase change approaches zero.
A technique based on homodyne reference-phase-difference modulation was developed to
increase the sensitivity of time-average TVH to small amplitudes of vibration1 as well as to
reduce it for very large ones2. But, to the best of our knowledge, no techniques have been
yet proposed to get a similar effect in double-exposure stroboscopic and pulsed TVH.
Few years ago we developed a technique to enhance the contrast as well as to control the
phase of real-time fringes in double-exposure stroboscopic TVH. In this technique, that is
described in references 3 and 4, the fringe patterns displayed by the TVH system (that we
call secondary correlograms) are generated by sequential subtraction of the interferograms
recorded by a video camera (primary correlograms) followed by a demodulation process; the
reference-phase-difference of the electronic speckle-pattern interferometer (ESPI) is modu-
lated with a rectangular wave of a given amplitude φrS, synchronized to the illumination
pulses, and increased by pi on going from each video frame to the next. The intensity of
these secondary correlograms, once translated into the notation that we have proposed in
reference 5 (see the Appendix for details), is described by
I˜sl = g
2 (I0V)2 [1 + cos (∆φo − 2φrS)]
{
1 + cos
[
2
(
ψp + φ¯o
)]}
(1)
when square-law demodulation is used, i. e., the difference of consecutive primary-
correlograms is raised to the second power, and by
I˜fw = 2gI0V
∣∣∣∣∣cos
(
∆φo
2
− φrS
)∣∣∣∣∣ ∣∣∣cos (ψp + φ¯o)∣∣∣ (2)
when the demodulation is performed by full-wave rectification, i. e., the absolute value of the
difference of the two primary correlograms is calculated. In these expressions, I˜ = I˜ (x) is the
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intensity of the secondary correlograms, g = g (λ) is the spectral sensitivity of the camera,
I0 = I0 (x) is the local average intensity, V = V (x) is the local visibility, ∆φo = ∆φo (x)
is the change of the object phase difference between light pulses, φ¯o = φ¯o (x) is the average
value of the object phase difference, ψp = ψp (x) is the random component of the phase
difference between the interfering speckle-patterns, φrS is the amplitude of the synchronous
component in the phase-modulation scheme of our technique and x = (x, y) is the position
on the image plane.
The local mean brightness of the secondary correlograms (defined as B = B (x) =〈
I˜ (x)
〉
, with 〈·〉 the spatial average in the neighborhood of x) is then, from Eq. (1),
Bsl = g
2
〈
(I0V)2
〉
[1 + cos (∆φo − 2φrS)] (3)
for square-law demodulation and, from Eq. (2),
Bfw =
4
pi
g 〈I0V〉
∣∣∣∣∣cos
(
∆φo
2
− φrS
)∣∣∣∣∣ (4)
for full-wave rectification.
The spatial distribution of the local mean brightness constitutes the secondary-fringe
pattern that represents the changes of ∆φo and that one can recognize in the display of the
TVH system. The phase of these fringes can be controlled through the amplitude of the phase
modulation φrS, and we have used this feature in our previous work to implement phase-
evaluation algorithms3 as well as to shift the fringes dynamically for solving peak-valley
ambiguity4. In this paper, we present a further application of the phase shift capability of
our synchronous phase-modulation technique: the enhancement of the sensitivity of double-
exposure stroboscopic TVH to very small changes of the object phase difference.
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2. Theory
The sensitivity S = S (x) of the secondary correlograms to the changes of the object phase-
difference can be defined as
S =
∂B
∂∆φo
(5)
This expression leads to slightly different results according to the demodulation technique
used together with sequential subtraction.
A. Secondary correlograms produced with square-law demodulation
The differentiation of Eq. (3) yields
Ssl =
∂Bsl
∂∆φo
= −g2
〈
(I0V)2
〉
sin (∆φo − 2φrS) (6)
that for very small values of the change of the object phase difference converges to
S0sl = lim
∆φo→0
Ssl = g
2
〈
(I0V)2
〉
sin (2φrS) (7)
This only depends on the sensitivity of the camera g, the local characteristics of the
intensity noise (I0V) and the amplitude of the synchronous phase modulation φrS. The
product of the two first factors can be maximized through the optimization of the contrast
of the secondary fringes6, whilst the relative effect of φrS on the sensitivity to small changes
of the object phase difference (Eq. 7) is that shown in Fig. 1-a.
It is apparent that in standard double-exposure stroboscopic TVH, without synchronous
modulation of the reference phase-difference (i.e., with φrS = 0), S
0
sl is practically zero. Our
technique can maximize this sensitivity just by setting
φrS =
pi
4
⇒ sin (2φrS) = 1 (8)
what is implemented through the reference-phase-difference modulation scheme depicted in
Fig. 2-a. The resulting secondary correlograms follow then the expression that results from
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substituting Eq. (8) in Eq. (1):
I˜sl = g
2 (I0V)2 (1 + sin ∆φo)
{
1 + cos
[
2
(
ψp + φ¯o
)]}
(9)
whose mean local brightness is
Bsl = g
2
〈
(I0V)2
〉
[1 + sin ∆φo] (10)
B. Secondary correlograms produced with full-wave rectification
The sensitivity of the fringes behaves slightly different in this case, as from the differentiation
of Eq. (4) results that
Sfw =
∂Bfw
∂∆φo
= − 2
pi
g 〈I0V〉
∣∣∣cos (∆φo
2
− φrS
)∣∣∣
cos
(
∆φo
2
− φrS
) sin(∆φo
2
− φrS
)
(11)
and, for small values of ∆φo, it is
S0fw = lim
∆φo→0
Sfw =
2
pi
g 〈I0V〉 |cosφrS|
cosφrS
sinφrS (12)
Figure 1-b shows the evolution of S0fw with φrS. The maximum sensitivity to small phase
changes is now achieved for
φrS =
pi
2
⇒ sinφrS = 1 (13)
The secondary correlograms produced with synchronous modulation of this amplitude
(shown in Fig. 2-b) follow the expression that results of substituting Eq. (13) in Eq. (2):
I˜fw = 2g 〈I0V〉
∣∣∣∣∣sin ∆φo2
∣∣∣∣∣ ∣∣∣cos (ψp + φ¯o)∣∣∣ (14)
and their mean local brightness is
Bfw =
4
pi
g 〈I0V〉
∣∣∣∣∣sin ∆φo2
∣∣∣∣∣ (15)
5
3. Experiment
We have implemented both variants of our sensitivity-enhancement technique in an exper-
imental prototype that we already used in some of our previous work3,4. It is a fibre-optic
electronic speckle-pattern interferometer (ESPI) with sensitivity to out-of-plane displace-
ments. As shown in figure 3, it incorporates intensity and phase modulators controlled
by electronic synchronism-units expressly designed to achieve modulation schemes as those
depicted in figure 2; the interested reader will find a more detailed description of all these
elements in reference 3.
The object used to obtain the demonstrative secondary correlograms herein presented was
a circular aluminium plate (diameter: 122 mm, thickness: 2 mm) coated with retro-reflective
tape. It was clamped by its center and excited with a piezo-electric transducer glued on its
back side. We excited a resonant mode of the plate at 4.69 kHz and set the positions of the
two illumination pulses at the positive and negative maxima of the vibration, respectively.
The change of the object phase difference between pulses ∆φo is then proportional to twice
the local amplitude of the vibration w0. The width of the pulses was set to one tenth of the
period, short enough to “freeze” the vibration at its maximum.
We have tested this particular mode at several amplitudes of vibration, ranging from
moderate to very small, and for each of them we measured the maximum object-phase-
difference-change between pulses (∆φomax) across the object with a Michelson interferometer;
the maximum amplitude of vibration was then calculated as w0 max = ∆φomaxλ/ (8pi).
In Fig. 4 we present a set of secondary correlograms whereby one can compare the sen-
sitivity of standard techniques (time averaging and stroboscopic illumination, both using
secondary-fringe generation by sequential subtraction with full-wave rectification) and of
the two variants of our sensitivity-enhanced stroboscopic technique (using square-law de-
modulation and full-wave rectification, respectively). The first row has been obtained with
∆φomax = 16.99 ± 0.05 rad, corresponding to an amplitude of vibration w0 max ≈ 430 nm
in our set-up. All the patterns are quite similar at this moderate amplitude, albeit
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one can notice the characteristic phase shift introduced by our sensitivity-enhancement
technique. The second and third rows show fringe patterns obtained, respectively, with
∆φomax = 3.46 ± 0.05 rad (w0 max ≈ 87 nm), just above the sensitivity limit of standard
techniques in our ESPI, and ∆φomax = 0.88 ± 0.01 rad (w0 max ≈ 22 nm), well below that
limit. The increase of sensitivity attained with our technique is apparent in both sets; a
clear difference between the fringes generated by square-law demodulation and by full-wave
rectification for such small vibrations is also noticeable.
The secondary correlograms shown in Fig. 5 have been obtained using the two variants
of our technique with the object vibrating at w0 max ≈ 22 nm. The mechanical phase of
the pulses was shifted by pi from the first row to the second (i.e., if the first pulse was at a
positive maximum of the vibration for the first row, it is placed at a negative one for the
second and vice-versa) thus changing the sign of the local value of ∆φo. The result evidences
that the fringes generated with square-law demodulation are sensitive to the sign of ∆φo
whilst those generated with full-wave rectification are not. This particular behavior will be
justified in the subsequent discussion.
Finally, Fig. 6 has been obtained with ∆φomax = 0.326± 0.006 rad, being the maximum
amplitude of vibration across the plate w0 max ≈ 8 nm, just above the sensitivity limit of
the new technique in our ESPI. These two fringe patterns are the result of averaging 20
secondary correlograms corresponding to the same state of vibration; this is necessary to
reduce the electronic noise introduced by the video camera that, otherwise, would completely
mask the faint fringes obtained from such tiny vibrations; the speckle noise is also marginally
reduced by the averaging process. As we will discuss in the following section, one finds easier
to recognize the shape of the vibration mode in the correlogram generated with full-wave
rectification than in that generated with square-law demodulation.
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4. Discussion
As shown in the previous sections, our technique enhances the sensitivity to small changes of
the object phase-difference in TVH secondary correlograms produced with either square-law
demodulation or full-wave rectification. In well designed electronic speckle-pattern inter-
ferometers the secondary correlograms are digitally equalized to cover the whole brightness
range of the output device, usually a monitor; to compare both methods under these con-
ditions, the profiles of the fringes (Equations 10 and 15) have to be normalized. This is
achieved by dividing each profile by the maximum maximorum of its absolute value:
Bˆ (∆φo) =
B (∆φo)
sup {|B (∆φo)|} (16)
what yields
Bˆsl =
Bsl
2g2
〈
(I0V)2
〉 = 1
2
[1 + sin ∆φo] (17)
for square-law demodulation and
Bˆfw =
Bfw
4
pi
g 〈I0V〉 =
∣∣∣∣∣sin ∆φo2
∣∣∣∣∣ (18)
for full-wave rectification. These profiles are plotted in Figure 7.
The corresponding sensitivities can be calculated using Equation 5 resulting, respectively,
Sˆsl =
1
2
cos ∆φo (19)
and
Sˆfw =
1
2
∣∣∣sin ∆φo
2
∣∣∣
sin ∆φo
2
cos
∆φo
2
(20)
It is apparent, from Equations 17 to 20, that:
• The correlograms produced by using our sensitivity-enhancement technique with both
demodulation techniques exhibit the same normalized sensitivity to small changes of
the object phase-difference: lim∆φo→0 Sˆsl = lim∆φo→0 Sˆfw = 1/2.
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• In the correlograms produced by full-wave rectification, the areas of the object that do
not experiment phase changes (∆φo = 0) appear as zero-brightness-level fringes whilst
in those produced by square-law detection they have 1/2 of the maximum brightness,
i.e. they appear as mid-gray in the monitor.
• The sign of the sensitivity of the correlograms produced by square-law demodulation
is the same for both positive and negative values in the neighborhood of ∆φo = 0;
this means that small negative and positive phase-changes yield fringes darker and
brighter than the mid-gray, respectively. In the correlograms produced by full-wave
rectification, on the other hand, the sign of the sensitivity is the same than that of the
phase change and, consequently, the small phase-changes of any sign appear as bright
fringes on a black background.
In view of these facts, the full-wave rectification combined with our sensitivity enhance-
ment technique seems decidedly well suited to detect vibrations with very small amplitudes,
as long as it is much easier to recognize clear fringes on a black background (even if they are
quite faint) than small tonal departures from the mid-gray (see, for example, Fig. 6). On
the other hand, only the fringes formed by square-law demodulation are sensitive to the sign
of the phase change (Fig. 5) and, therefore, they should be used whenever this information
is relevant.
5. Conclusions
Phase modulation can be successfully applied in double-exposure stroboscopic TVH to en-
hance its sensitivity to small phase-changes between pulses, as we have theoretically jus-
tified and experimentally demonstrated in this paper. With this new technique we have
been able to detect vibrations with maximum phase-changes between pulses as small as
∆φomax ≈ 0.33 rad, corresponding to an amplitude of just 8 nm.
Two variants have been established regarding the demodulation process used to generate
9
the secondary correlograms: square-law demodulation yields sensitivity to the sign of the
phase change whilst the shape of the vibration pattern is easier to appreciate if full-wave
rectification is used. The experiments are in good agreement with this behavior, predicted
by the theory.
Our technique can be considered an extension of the philosophy of homodyne modulation
in time-averaging TVH, wherein the use of stroboscopic illumination provides temporal
resolution what facilitates the analysis of non-sinusoidal vibrations.
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Appendix
We have obtained Eqs. (1) and (2) elsewere3,4 with a different notation. Both derive
from the difference of two primary correlograms (Iαβ) produced using our phase-modulation
technique with the reference phase difference increased by pi on going from the one to the
other (Eqs. (12) and (13) in Ref. 4)
Iαβ (0)− Iαβ (pi) = 4I0V cos
(
∆ϕoα −∆ϕoβ
2
−∆ϕrS
)
cos Ψαβ (A1)
where, as defined in Eq. (8) of the same reference,
Ψαβ = ψ +
∆ϕoα + ∆ϕoβ
2
(A2)
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With the correspondences shown in Table 1 and taking
∆φo = ∆ϕoα −∆ϕoβ = φo1 − φo2 (A3)
φ¯o =
∆ϕoα + ∆ϕoβ
2
=
φo1 + φo2
2
(A4)
Eq. (A1) is translated into the notation that we use in this article, established in Ref. 5, as
Iαβ (0)− Iαβ (pi) = 2gI0V cos
(
∆φo
2
− φrS
)
cos
(
ψp + φ¯o
)
(A5)
Square-law demodulation is applied by rising this difference to the second power, what
yields the secondary correlogram
I˜sl = [Iαβ (0)− Iαβ (pi)]2 = g2 (I0V)2 [1 + cos (∆φo − 2φrS)]
{
1 + cos
[
2
(
ψp + φ¯o
)]}
(A6)
that is equivalent to I∗αβ of Eq. (17) in Ref. 3.
For full-wave rectification, the absolute value of the difference of primary correlograms
is calculated, resulting in
I˜fw = |Iαβ (0)− Iαβ (pi)| = 2gI0V
∣∣∣∣∣cos
(
∆φo
2
− φrS
)∣∣∣∣∣ ∣∣∣cos (ψp + φ¯o)∣∣∣ (A7)
what is equivalent to ∆Iαβ of Eq. (15) in Ref. 3 and Eq. (14) in Ref. 4.
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FIGURES
Fig. 1. Effect of φrS on the normalized sensitivity to small phase changes Sˆ
0 = S
0
sup{|S0|} of the
secondary correlograms produced by (a) square-law detection and (b) full-wave rectification.
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Fig. 2. The reference phase-difference modulation scheme to maximize the sensitivity to small
changes of the object phase difference: a) for square-law demodulation and b) for full wave recti-
fication. φo: vibration of the measurand in terms of optical phase; sn: illumination pulses; φrA:
asynchronous phase-modulation between video frames (increments of pi); φrS : synchronous phase–
modulation between illumination pulses; φr: resulting phase-modulation; TF : frame period of the
video camera.
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Fig. 3. The experimental prototype used to test the proposed sensitivity-enhancement tech-
niques. AOM: acousto-optic modulator; GL: GRIN lens; DC: directional coupler; PD: photodiode;
PM: phase modulator; PLC: polarization controller; VAD: variable attenuator; BS: beam splitter;
ZL: zoom lens; and CCD: charge coupled device video camera.
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Time-averaging Stroboscopic
Standard Standard Sensitivity-enhancedAmplitude Full-wave
rectification
Full-wave
rectification
Square-law
demodulation
Full-wave
rectification
Moderate
§ 430 nm
Small
§ 87 nm
Very small
§ 22 nm
Fig. 4. Sample secondary correlograms obtained with standard time-averaging, standard strobo-
scopic-illumination and with the two variants of our stroboscopic sensitivity-enhanced technique
at diverse amplitudes of vibration.
16
Mechanical
phase of the
pulses
Square-law
demodulation
Full-wave
rectification
ϕS=0
ϕS=pi
Fig. 5. Sample secondary correlograms of a circular plate vibrating with a maximum ampli-
tude w0 max ≈ 22 nm, obtained with the two variants of our sensitivity-enhancement technique.
Square-law demodulation is sensitive to the sign of the phase change whilst full-wave rectification
is not.
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Square-law
demodulation Full-wave rectification
Fig. 6. Sample secondary correlograms of a circular plate vibrating with a maximum amplitude
w0 max ≈ 8 nm, just above the sensitivity limit of our technique.
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Fig. 7. Normalized fringe profiles for the mean local brightness of sensitivity-enhanced secondary
correlograms.
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TABLES
Table 1. Correspondence between the notations used in this article and in our previous work.
Symbol
Magnitude Currenta References 3 and 4
Average intensity as detected by the camera gI0 2I0
Visibility V V
Object phase difference during the first pulse φo1 ∆ϕoα
Object phase differerence during the second pulse φo2 ∆ϕoβ
Amplitude of the synchronous phase-modulation φrS ∆ϕrS
Random component of the phase difference ψp ψ
aEstablished in reference 5.
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